The feasibility of implementing district heating in a small town adjacent to a kraft pulp mill in Eastern Canada has been investigated. A detailed heat demand analysis was performed for all buildings using a Geographical Information System and archived data provided by the municipality. It was first shown that the total space heating requirement of the town could be supplied by exportable steam produced by the mill from forest biomass even during exceptional peak demands. However a screening test based on load density indicators revealed that a district heating serving the entire town would probably not be economically viable. Partial districts incorporating zones of relatively high load density were subsequently developed by sectorial analysis. The economics of selected partial districts were subsequently assessed by preliminary engineering cost estimating 
Introduction
The term district heating refers to the distribution of thermal energy generated by a single power plant to a group of buildings that can be residential, commercial, industrial or institutional. The energy supplied to buildings is primarily used for space heating but can also be used for domestic hot water pre-heating and, increasingly, for air conditioning by adding a heat pump to the power plant [ASHRAE, 2000] . The advantage of district heating over single building systems is the higher efficiency of a large power plant over small individual systems. It can be particularly advantageous for dense urban districts where heat losses in the distribution network are small. However, there are also successful district heating systems in low density zones. As an example, one can cite the system serving the small community of Oujé-Bougoumou, in northern Quebec [Canadian District Energy Association, 2007] . The thermal energy required by the district is often supplied by a dedicated power plant but excess or waste energy from an industrial site can be an attractive alternative because depreciation and maintenance costs for the power plant are then shared [Trygg et al., 2006] . Fossil fuels, and later electricity, were the dominant sources of thermal energy used by district power plants [Holmgren, 2006] . More recently, mixed systems incorporating renewable or alternative energy production and conversion technologies have entered the field: solar collectors, heat pumps, polygeneration, seasonal heat storage, and now, biomass [Philibert, 2005] .
The general structure of a district heating systems consists of the following components ( Figure 1 ):
• A power plant which produces the district thermal energy requirement (TER) by converting into heat, generally in the form of steam, the energy content of fuel, electricity or other primary sources of energy;
• A main transfer station in which the TER is transferred to a heat carrying fluid (HCF) such as hot water. The main transfer station will typically incorporate a steam to water heat exchanger, pumps to circulate the HTF and a data acquisition and control console;
• A distribution network through which the HCF is delivered to the individual customers, i.e. the buildings to be heated by heat purchased from the district;
• Each consumer is connected to the distribution network by a secondary transfer station in which heat is transferred from the HCF to the building's heating system. This system utilizes water or air as the heating medium and the transfer station consists of a small water-to-water or water-to-air heat exchanger replacing the conventional equipment such as fired or electrical furnaces and distributed electrical radiators.
Three main economic factors must be considered in the feasibility analysis of a district heating implementation: the cost of producing the TER, the heat distribution network cost which depends largely on the district heat load density, and the investment required for the customer connections. The latter will be less of a burden if the district heating system is designed and built at the same time as the site is developed than if it is retrofitted in a fully developed site. In the first instance, the buildings can be equipped with appropriate compatible units at the construction stage.
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Building n The case study presented in this paper assesses the economic viability of the use of the excess steam production capacity of a kraft pulp mill to supply the space heating requirement of its small adjacent town. This 2 500 inhabitants town is typical of small single industry towns in Eastern Canada (the forestry sector in this case, consisting of a kraft mill and a saw mill). Although the TER can be supplied by the mill at a relatively low cost, the challenges of this type of district clearly are the low demand density and the retrofitting installation of compatible heating systems in existing buildings to be connected. Those issues are examined later in the paper.
Survey of current developments
This review first presents an overall assessment of district heating installations worldwide and in its second part focuses on R&D work on the TER supply by industrial plants, the design of the distribution network and economic issues.
Existing networks
District heating systems are not new and have been used in Europe since the 14 th century, with one system in France in continuous operation (Chaudes-Aigues thermal station) [Lemale and Jaudin, 1998 ]. In North America; the first system reported was constructed by the U. S. Naval Academy on the Annapolis campus in 1853, and the first commercial network was installed in Lockport (NY) in 1877 [IDEA, 2007] . In Canada the first system was developed in 1924 in Winnipeg's commercial core [Enwave, 2007] .
Todays, northern European countries are leaders in the field. In 2000, Sweden had an installed district heating capacity of 40 TWh, which represents more than 50% of the total heating capacity of the country [Gebremedhin, 2003] . In Latvia and Lituania, the percentage of district-heated homes is about 65%. The presence of such systems is related to the nature of the heating energy supply. In Norway, an oil and hydroelectricity producer, the percentage drops under 10% [Pavlas et al., 2006] .
The town of Borlänge (Sweden) has had a district heating system for more than thirty years, covering 90% of apartment blocks and 28% of single-family houses. Heat pumps provide 71% of the heat and 25% is generated from municipal incinerators [Gebremedhin, 2003] . In 1984, the town of Falun (Sweden) built a district heating system connecting more than 60% of apartment blocks and 4% of single-family houses to its network. A cogeneration plant built in 1993 provides 8 MW of electricity and 30 MW of heat [Gebremedhin, 2003] . Several sources of energy are used to generate steam or hot water for district heating purposes. Eriksson et al. (2007) report that for the year 2000, wood fuel (28%) and domestic waste (11%) are important sources in Sweden, while the use of fossil fuels (oil, coal, natural gas) is less than 15%. Other sources include waste heat from industrial plants (7%), electrical boilers and electrically driven heat pumps (19%), tall oil pitch (3%) and biogas (1%).
There is a growing interest on new energy sources. Direct-use of geothermal energy for heating had a 10% annual increase of installations during the past 30 years [Lund, 2006] .
The locations using this type of energy source are found in Europe (49% of world capacity installed), Asia (29%) and the Americas (17%). According to Ozgener et al. (2007) , new installations in Turkey represent 12% of the world's capacity. Comprising of wood chips, wood waste and peat moss, natural biomass is now attracting a great deal of interest in the literature as a source of energy for district heating. Keppo and Savola (2007) have studied biomass use for small district heating and electricity generation systems. Biomass is less expensive that natural gas and other fossil fuels for heating purposes [Eriksson et al., 2007] .
In Canada, less than 7% of the heating capacity is provided by district heating [Natural Resources Canada, 2005] . This situation can be attributed in part to a traditionally low cost energy supply from hydroelectricity and fossil fuels but also to the dispersion of a small population across a vast territory. Approximately 80 district heating networks are currently in operation in Canada, providing a total capacity of 1 730 MW [Canadian District Energy Association, 2007] ; the most important are listed in The number of installations is expected to increase in coming years. 
Supply of district demand by industrial plants
Industrial plants can supply the heating requirement of nearby towns when there is a large amount of heat at an appropriate temperature level which is released in the environment, or where unused power plant production capacity becomes available following the execution of a process energy efficiency improvement program. For example, a part of the energy produced by the OMV refinery in Vienna (Austria) is used to heat 19 000 homes and 400 industrial buildings [Euroheat, 2007] . In 2000, in Sweden, the contribution of industry accounted for 3.5 TWh, which is about 9% of the total heating capacity of the country. Collaboration between industries and regional governments for the promotion of district heating are currently envisaged in a number of projects. Klugman et al. (2006) studied various perspectives of regional cooperation with an integrated chemical pulp and paper plant in Sweden. Ajah et al. (2007) examined the possibility of using low-level residual pharmaceutical waste heat for a district heating system in Delft (Netherlands). Gebremedhin (2003) studied the nature of collaborations and partnerships between various players in two different cities, Borlänge and Falun, with the aim of evaluating the impact of the pulp and paper industry implication in district heating projects to reduce the cost of electricity in Sweden. The district heating operators are required to pay considerable sums in energy tax depending on the type of fuel they use to produce heat. This tax is reduced by 50% if heat is generated by a combined heat and power plant (CHP). Heat production from biomass is also exempted from this tax.
Economic viability and relevance
Several studies on the economic assessment of district heating have been reported. Keppo and Savola (2007) found that, compared to the long term average situation in the Nordic countries, higher electricity prices or lower investment costs are needed to make CHP plants attractive in small district heating networks. Holmgren and Amiri (2007) emphasize the importance of external costs due to environmental effects. This aspect of the problem is rarely taken into account in economic models. Curti et al. (2000) propose a model that simultaneously considers economic and environment parameters. Agrell and Bogetoft (2005) insist on the necessity to involve local governments in the economic appraisal of district heating to ensure financing and sustainability of the systems.
According to the authors, government action through regulations can have significatively more impact than managerial performance on district heating benefits.
Studies were done to shed light on the environmental relevance of a district heating network project. For example, Marletta and Sicurella (2002) gathered data available on a portion of the 300 km Brescia network in Italy, and carried out an economic comparison with an equivalent system based on domestic gas boilers. It has shown that the district heating system recovers in a few years the energy costs needed to manufacture the various equipments and parts of the installation of the distribution network, plus all the relative environmental considerations. However, there remains a concern about air quality when using biomass and waste in district heating plants, especially for particulate emissions [Wierzbicka et al., 2005] .
The cost of delivering the heat from the power plant to the customers is an important factor in the overall economic viability of district heating. Network parameters such as temperature of supply and return, power plant efficiency and heat losses influence the cost [Zsebik and Sitku, 2001] . Ways to increase the cost effectiveness of distribution networks such as the use of a network for air-conditioning have been suggested.
Dynamic energy storage combined with demand-side management can help meet demand in peak periods. Trials were performed in a district heating system in Naestved (Denmark) to store steam in the network as backup in case of a breakdown in the cogeneration system. Also tests were performed on the district heating system of Jyväskylä (Finland) to verify the possibility to avoid recourse to expensive fuels during the morning peak hours [Wigbels et al., 2005] .
Case study
The power plant of the proposed district heating system would be the installed steam productions facility of a kraft pulping mill, and the customers would be the occupants of the buildings in the small town adjacent to the mill. The main transfer station and the distribution network would be managed by a separate entity, the district operator, which would buy the TER from the mill and sell heat (as hot water) to the customers. Each building owner would own the secondary transfer station installed on his property and which services his building. The ownership and management structure of the district is illustrated in Figure 2 . The economic viability of the district is assessed from the perspective of the three participants to the project, the mill, the district operator and the customers later in the paper. In this section the context of the project and its technical feasibility, i.e. the balance between demand and supply, will first be presented. Following a preliminary economic analysis, the justification of a selective approach to the design of the distribution network will conclude the section. 
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The Mill
The kraft pulping process is the prevalent manufacturing process, on a world scale, by which wood chips are reduced to paper pulp, the intermediate material from which a very broad spectrum of finished or semi-finished products generically designated as paper products, are made. The core of the kraft process is a chemical delignification step in which the individual cellulosic fibers are separated to form the pulp. A key characteristic of the kraft process is that the spent delignification liquor is concentrated and burnt to utilize its energetic content (sulfonated lignin and other organic components of the wood) and recover the spent reactants which are regenerated [Smook, 2002] . The resulting complex chemical process is illustrated in Figure 3 . A large fraction of the thermal energy required for the various process operations is produced in a recovery boiler where the spent liquor is burnt. Additional heat is produced by burning bark and other wood residues and also, sometimes, by a back-up fossil fuel boiler. Wood residue and the combustible components of the spent liquor are both fuels derived from renewable forest biomass. The kraft process can therefore be almost totally biomass-based, i.e. for its main raw material and its energy requirement; only some reactants and additives remain petroleum based. In the mill considered, there is still a small back-up bunker oil boiler. Key data on the mill power plant are given in Table 3 . 
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The steam produced is primarily used for process requirements (average yearly consumption: 5.63 10 6 GJ, varying by about 10% between summer and winter); a small fraction is used for services (4.53 10 4 GJ/a) and an additional amount is sold to the saw mill (1.83 10 5 GJ/a). The mill purchases its chips from this and other regional saw mills.
An in depth energy efficiency analysis in progress has shown that the steam consumption of the pulping process could be reduced by at least 1.10 10 6 GJ/a, and probably more, by means of engineering optimization measures [Mateos-Espejel et al., 2007a , 2007b . A progressive implementation program is being prepared. The main benefit of this program for the mill would be the permanent shutdown of the bunker oil boiler thus realizing a substantial saving in fuel cost. This would still leave an excess steam production capacity of 0.62 10 6 GJ/a by the then totally biomass-based mill power plant. This steam could be used to supply the heat demand of the district, should it be in sufficient amount. It will be shown later that the mill could indeed export enough steam to satisfy the heating demand of the town.
The district
The town constituting the district is almost totally located in a sector of 155 degree angle location, type, usage, and size of each building, type of heating systems installed and the total annual electrical energy consumption [Alao et al., 2007a] . The total annual thermal energy required for space heating of each type of building and by unit surface area has been estimated on the basis of a national survey and the results are summarized in Table 4 . Space heating requirements for residential buildings in Eastern Canada range from 0.6 to 0.9 GJ/m 2 a, depending on the construction date. For commercial buildings, a value of 1.02 GJ/m 2 a is used [Natural Resources Canada, 2005] . The last column of the table present the TER required by the main transfer station and includes an average value of 75% efficiency for the building heating systems and 8.6% losses in the piping network [Çomakli et al., 2004] .
The monthly distribution of the total heating demand for the district has been estimated by means of a correlation of heating demand versus hourly outdoor temperature in Eastern Canada compiled by Environment Canada (2005) . A linear correlation validated with data from a smaller comparable survey by Hydro-Quebec was assumed to apply to the district. The maximum heating demand occurs in January and represents approximately 35 000 GJ, that is 20% of the annual demand. Results are significantly different from those of a previous preliminary study of the district [Alao et al., 2007a] because they are based on more precise heating requirement estimates and complementary information on commercial buildings. Also, the efficiencies of heating units were not taken into account in the previous study. 
Technical feasibility
Once the energy efficiency program has been implemented and the bunker oil boiler shutdown, the installed bio-steam producing capacity of the mill, i.e. the recovery and the wood residue boilers, will still be able to deliver 52 000 GJ per month above the mill requirements for the pulp manufacturing process, services and current sales. This energy will be available as high pressure steam (3 100 kPa, 370 °C, 2.14 GJ/t as released heat by isobaric cooling and condensation).
The TER to be supplied to the primary transfer station for the month of January will be about 35 000 GJ. This leaves a safety margin of 17 000 GJ to compensate for the demand estimation uncertainty (probably no more than a few percent), to face occasional extreme weather, and to absorb a healthy development of the town.
A constraint of the integration of the mill into the district heating is that, in case of a temporary shutdown of the mill, and of the process-dependant recovery boiler, the wood residue boiler should remain in operation. It is likely that the same constraint would apply to its service function and for the sale of steam to the saw mill.
The cost of producing high pressure steam from wood residue has been estimated by the mill at 3.3 $/t [Alao et al., 2007a] * . For the purpose of this study, the price of steam sold to the distribution network operator has been fixed at 10 $/t, at the gate of the mill, i.e.
4.67 $/GJ. This price, while it is reasonable and would provide a modest but steady * All financial data given in this paper are in 2006 Canadian dollars.
income to the mill, is very advantageous when compared to other sources of primary energy. As a result of global energy market pressures, the wood chips market is getting tighter and prices are increasing; the steam sale price of 10 $/t should nevertheless remain interesting for the mill for some time.
It is interesting to note that this project constitutes for the mill an additional important step into the creation of a sustainable eco-industrial cluster. Presently the mill supplies steam to a near-by saw mill as already mentioned, it also treats the municipal wastes in its effluent treatment plant and is envisaging the installation of a cogeneration unit that would supply power to the grid. Its integration to the district heating system as supplier of the TER would complete a very advanced cluster as illustrated in Figure 5 . 
Preliminary economic assessment
There are few data published in the scientific literature on the investment and operating costs of district heating on which to base an early, pre-engineering economic assessment.
Since the heat demand for space heating in the envisaged district is well documented and in great details, the search was focused on demand-oriented methods. Guidelines based on total power load per serviced surface area (MW/km 2 ) were first developed in the context of the Icelandic experience with geothermal district heating [Karlsson, 1982] and are summarized in Table 5 . Nargot (1985 Nargot ( , 1986 proposed later economic viability thresholds per surface area and per length of distribution network (40 MW/km 2 and 4 MW/km); those indicators were presumably developed for dense city districts in Europe and the surface load density is similar to the corresponding value given in Table 5 . A value of 16 MW/km 2 was computed for a university campus heating district in Turkey on the basis of total demand and was considered as economically feasible [Yildirim et al., 2006] . Furthermore, it is not known whether domestic hot water pre-heating which would significantly increase demand density is taken into account in those indicators. It can be assumed, however, that government incentives are not considered by those indicators. Using the GIS tool a layout of a distribution network covering the totality of the district has been designed, its total length has been estimated at 15.5 km covering a total area of 0.8 km 2 (Figure 6 ). The load density values from other sources presented early are based on the total demand which determine the revenue of the district operator. However, the maximum demand determines the investment of the distribution network. It was therefore considered appropriate for the purpose of this work to compute both values.
The heat load linear densities for the total district are 0.3 and 1.0 MW/km for total and peak demand respectively, the corresponding heat load surface densities are 6.8 and 19.8 MW/km 2 . These values are in the "Questionable" to "Not possible" ranges given in Table 5 . It can be expected that the installed and operating costs of a network in rural Canada would be significantly lower than in urban Europe, however it is doubtful that this factor alone would compensate the effect of the low demand densities.
Moreover, an important characteristic of the district is that the heating demand is unevenly distributed on its territory since it is a mixture of commercial streets with close clusters of buildings and small apartment blocks, of large buildings such as schools, arena and administrative buildings, characterized by high space heating demand, and at the other extreme, of single-family bungalows on spacious lots. It was therefore decided to examine the economic viability of a partial heating district based on adjacent zones of higher demand density.
The next section presents the sectorial analysis which was performed. Using the results from this analysis, a selective, partial network was selected and its economic viability assessed on the basis of preliminary engineering data. The other potentially critical issue is the cost to customers of the retrofit installation of compatible heating systems and connection to the distribution network is also examined.
Sectorial analysis
The town is dominated by two main streets which form a cross with the long branch oriented in the N-S direction and the short one in the E-W direction (Figure 4) . Most of the commercial buildings (42 out of 61) are located on these two streets as well as large public buildings with high space heating demands: the two schools, the arena, the city hall and several others. The residential neighbourhoods are adjacent to these two main streets primarily in the N-W sector formed by the cross. The decision was made, on the basis of this observation, to investigate the economic viability of districts branching out from these two streets into adjoining neighbourhoods but only to a limited extent to maintain a high enough demand density. Four district designs of increasing area have been considered (Figure 6 ):
• District A: limited to the two main streets truncated at both ends and linked to the mill via the side street closest to the mill boundary as a base case;
• District B: constituted of district A plus some side streets located in angles formed by the two main streets;
• District C: constituted of district B plus some side streets further north along the main cross branch;
• District D: the complete town as a benchmark. The linear and surface load densities were computed for the four sectorial districts using a peak demand estimated at 100 W/m 2 of heated surface (typical maximum heat load requirement in Canada). It was assumed for computational purpose that the piping network follows the street centerlines and that connections to the buildings will be contained within a 20 m band on each side. The results are given in Table 6 . The heat load densities for the total demand can be assessed by comparison to values from the literature given earlier. The surface density for sector A is at the limit between "Possible" and "Questionable" in Table 6 but it is slightly superior to the density of a university district heating systems in Turkey which was deemed worthy of further evaluation. The other three sectors have surface density values in the "Not possible"
category. The linear densities are well below the threshold of economic viability proposed by Narjot (1986) in all cases. Considering that this case study probably has a significant advantage over other low density networks, thanks to its low primary energy cost, it was therefore decided to proceed with a more detailed economic analysis for districts A, B and C to assess the economic viability of partial networks and to establish benchmarks.
Economic analysis Basis for analysis
The simple payback time (PBT) will be used to further assess the economic prospect of implementing district heating in each of the three partial districts previously defined, alternatively. The price of the high pressure steam sold by the mill to the district operator will be kept at 10 $/t, i.e. 4.67 $/GJ, without consideration to the price of heat sold by the operator to its customers. Since there is an 8.6% heat loss in the distribution network, the steam purchased from the mill will account for 5.07 $/GJ of the price of the heat sold to the consumers. This establishes the absolute lower limit of the sales price range of heat to the customer.
On the other hand, in order to offer an incentive to the property owners of the town to switch from their current heating system to the district, the heat must be sold by the district at an advantageous price by comparison to other available energy sources. Cost figures for 2006 provided by energy suppliers in the Montreal region are given in Table   7 . The effective energy costs given in the table provide an upper bound to the sales price of heat to the consumers. Naturally, higher energy sales prices are advantageous to the district operator but adverse to the consumer and vice versa.
In order to determine the impact of the heat sales price on the overall economics of the district three pricing scenarios bracketed by those upper and lower limits have been selected; they are also displayed in Table 7 . The results of the economic analysis are summarized in Table10 for each district and each scenario considered. Supporting details are given below for each participant to the district heating initiative, i.e. the mill, the district operator and the customers.
Supply economics (Mill)
The mill supplies the district with the required amount of energy which it produces for 3.3 $/t (1.54 $/GJ) and sells to the operator for 10 $/t (4.67 $/GJ). It realizes a profit of 6.7$/t (3.13 $/GJ). The corresponding total annual values for each sector are presented in Table 10 .
Heat distribution economics (District operator)
The simple payback time for the heat distribution system is given by equation 1:
Investment cost
The distribution system is made of two parts which contribute in a very significant way to the investment required for the implementation of a district heating of any size: the main transfer station and the distribution network (Figure 2 ). The main transfer station includes the following major pieces of equipment: a heat exchanger where the heat required is transferred to the hot water which circulates in the distribution network by desuperheating and condensation of the steam supplied by the mill, pumps that provide the energy to move the water in the network of pipes, and a data acquisition and control system (DACS). The exchanger, the pumps and electrical motors which entrain them were dimensioned and costed by a conventional preliminary engineering method which utilizes correlations based on key functional parameters, the surface exchange area of an exchanger and the power of a pump and drive system [Ulrich et al., 2004] . Those parameters were computed from the operating conditions of the equipment. All other costs involved with the design, installation, connection and operation of the equipment including the building in which they are located are estimated by standard multiplying factors based on correlations of actual historical data. For the DACS a fixed cost based on previous experiences was used. The precision of the method is about ±25%.
The distribution network will consist of two parallel main ducts, one for the outgoing hot water (110°C) from the main transfer station and one for the returning cooled water (90°C). The two ducts will be insulated and buried in a trench. The network will branch out into all streets forming a district. As the flow of carried water diminishes, the diameter of sections of piping will be progressively reduced from an initial 250 mm to a final 25 mm with an average of 80 mm [Gervais et al., 2007] . The installed cost of a similar network with comparable dimensions in Sweden adjusted to 2006 was 270 000 $/km [Dahm, 2001] . This value was used in the present study with a 3% added for ancillary equipment such as sensors and signal transfer to the main station. The key investment costs for each sector are given in Table 8 . 
Operating Costs
There are three main operating costs; two are fixed and one is variable. The fixed costs are management of the district and, maintenance and repair of the equipment. The variable cost is the purchase of steam from the mill. The cost of the electricity to drive the pumps has been neglected.
It is assumed that the day-to-day management of the district will be handled by one staff reporting to a non-paid supervising body. The staff office will be in the main transfer station (10 000 $ has been included in the cost of the structure for the room, Table 8 .) The operating cost of the staff office, including salary, plans and benefits and, normal expenses has been estimated at 130 000 $/a.
Maintenance and repair costs for similar installations have been estimated at 2% of the total investment per year by Vanier & Rahman (2004) . This value has been used in this work. The cost of steam purchased is of course equal to the cost of steam sold by the mill.
Revenue
The district revenue is the value of heat sold to customers for each district and each tariff scenario. It must be noted that the amount of heat sold by the district to its customers is only 92.1% of the heat it buys from the mill because of heat losses in the distribution network.
Utilization economics (Customers)
It is assumed for the purpose of this analysis that all buildings in a sector, residential and non-residential, will join the district heating initiative. Furthermore, the results of the analysis are presented for the aggregate of all buildings in a district, although the analysis was done building by building using the data bank developed with the Geographic Information System. The simple payback time for the utilization side of the district as given by equation 2 is therefore an average value. The individual building payback times may vary greatly from that average value because of a number of factors such as type and age of the current heating system, type, age and size of the building: PBT = Investment cost / Annual saving (2)
Investment costs
The changes required in each building are:
• Removal of the installed heating system and retrofit installation of a water radiator heating system. In buildings which already have a hot water heating system, the radiators would be kept but the boiler would be removed;
• Installation of a secondary transfer station (Figure 2 ). This station consists essentially of a water-to-water heat exchanger, of temperature and flow controls and of a pump.
The heat exchanger replaces the current boiler in buildings already installed with water radiators;
• Connections to the district incoming and returning pipes.
The total investment cost for each type of building has been established by Alao (2007b) ; it includes materials and labor, and has been computed as a cost per unit surface of heated space. For a building with a hot water system installed, the cost of conversion and connection is 47 $/m 2 , and 76 $/m 2 for other buildings. For commercial, it ranges from 27 $/m 2 to 60 $/m 2 . The total investment costs for the two categories of buildings are given in Table 9 . The precision of this estimation method is probably about ±30%.
Annual savings
The saving in space heating cost that can be achieved is the difference between the current cost and the anticipated cost once the building is retrofitted with the required system and connected to the district. The current cost was based on the estimated heating demand and the corresponding delivered energy cost for each type of energy supply given in Table 7 . The anticipated district heating cost depends on the pricing scenario considered and also utilizes the delivered energy costs from Table 7 . Results are summarized in Table 9 . Heating cost with district heating ($/a) Scenario 1 (10$/GJ) 809 000 1 326 000 1 508 000
Scenario 2 (12$/GJ) 971 000 1 591 000 1 810 000
Scenario 3 (14$/GJ) 1 132 000 1 856 000 2 112 000
Results and discussion
The key results of the economic analysis are given in Table 10 . The precision of those results should be of the order of ± 30%. In general the payback times are quite high by current standards of public and private investments as could be expected from the load densities presented earlier. However some interesting facts emerge from the analysis. As could be expected, the payback time for the distribution system decreases as the sale price of energy increases (from scenario 1 to scenario 3) whereas, naturally, it increases for the customers and quite sharply at that. For scenario 3, the annual savings in heating cost are small and the payback times are too long (14 to 19 years). In the case of the distribution system, the payback times are lower for district B than for either district A or C; for the customers however, there is a regular increase of payback time from district A to district C.
From those observations, it can be summarized that district B with scenario 1 or 2 are the two options worthy of further consideration. Other factors should be brought into the picture at this point.
• If the district operator is a non-profit organization rather than a private company it can be assumed that it could tolerate longer payback times,
• Government incentives could be used to make the move to district heating more attractive to building owners and,
• The profit from the sale of energy could be rebalanced between the mill and the district operator.
In view of these remarks, a new scenario (4) The key results for the partners to the district heating initiative would be:
Profit to the mill: 379 000 $/a;
Payback time of the distribution system: 6.0 a;
Average payback time for the customers: 5.5 a.
For this scenario, district heating would probably be a viable endeavour. Of course, the results could be further optimized as a function of specified criteria however, other factors should be first considered: increased precision of cost estimates and impact on greenhouse gas emissions.
Finally, it should be noted that the implementation of a partial district such as proposed could be the first step of a progressive extension of district heating in the town. Factors that could stimulate extension are: amortization of the investment for the district system, rising energy prices and mounting environment pressures.
Conclusions
This study has shown that implementation of a district heating supplied by exportable steam produced by a kraft mill is technically feasible for the selected case study in the sense that the mill could supply the required heat load even during extreme Canadian winter conditions. However, this conclusion is predicated upon the fact that the mill should have first undergone a thorough thermal energy efficiency enhancement program.
Importantly, the steam supplied to the district should be biomass-produced as the economics of the endeavor, as well as its environmental justifications, would be seriously compromised if the steam were produced by a fossil fuel. Furthermore, the mill may have other, more attractive avenues such as the installation of a cogeneration unit to sell power to the grid.
The study has also shown that, considering the low density of the small town adjacent to the mill, in terms of built surface and space heating demand, a district which would attempt to serve essentially all the town's buildings would not be economically viable.
For this reason it was decided to focus on town sectors incorporating large public buildings with a high heating demand, as well as commercial building and relatively high density residential zones.
This led to the formulations of a solution incorporating the following elements: a partial district consisting of about half of the town, a non-profit management structure for the district operation, a judicious profit balance between mill and district operator and, a government incentive program to help the district customers. Such a solution could be economically viable.
To complete the assessment of this solution, an environmental impact study focused on the reduction of greenhouse gas emissions should be conducted. Bahrapour, graduate students working in different areas for their punctual albeit critical help.
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